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Summary
The functional selectivity of human primary visual cortex
(V1) for orientation and motion direction is established by
around 3 months of age [1–3], but there have been few
studies of the development of extrastriate visual areas that
integrate outputs from V1 [4–8]. We investigated sensitivity
and topographical organization for global form and motion
with high-density visual event-related potentials (VERPs)
in 4- to 5-month-old infants and adults. Responses were
measured to transitions between concentrically organized
elements (short arc segments for form, dot trajectories for
motion) and random arrangements. Adults showed topo-
graphically separate responses, with midline motion and
more lateral form responses. Of 26 infants, 25 showed signif-
icant motion responses but only 13 showed form responses,
suggesting more advanced development for extrastriate
motion areas than form. Infants’ form andmotion responses
were topographically distinct but contrasted with the
corresponding adult topographies, with infants’ motion
responses more lateral than form responses. These results
imply distinct neural sources at both ages and raise the
possibility of substantial reorganization of extrastriate
networks between infancy and adulthood. We speculate
that global motion responses arise from area V5 in infants
but are dominated by more medial areas such as V3/V3A
and V6 in adults.
Results
Figure 1 illustrates the stimulus sequence for testing global
form: it alternates at 2 Hz between 100% coherence, in which
the short arc segments are concentrically organized to create
a global circular pattern, and 0% coherence, in which the
arcs are randomly oriented with no global structure. In the
analogous global motion stimulus, dots moved along similar
short arcs, alternating between global rotation and random
directions.
Scalp potentials, recorded from an array of 128 electrodes,
were used to isolate global responses from these alternating
sequences of form or motion stimuli. In each 500 ms cycle of
the sequence, two transitions occurred: incoherent-to-
coherent (coherence onset) and coherent-to-incoherent
(coherence offset). Any asymmetry in the responses to these*Correspondence: j.wattam-bell@ucl.ac.uktransitions must reflect the differences in global processing
between the onset and offset of coherent pattern organization.
Fourier analysis of the visual event-related potential (VERP)
allowed these asymmetric responses to be isolated; a statisti-
cally significant signal, at the fundamental stimulus frequency
(F1) or at other odd harmonics, was taken here as evidence
for a neural process sensitive to global coherence. We used
the T2circ statistic to test this in both first-level (individual)
and second-level (group) analyses. Fuller details of the
methods, participants, stimuli, VERP recording and analysis,
and evidence for F1 as a measure of global processing are pre-
sented in the Supplemental Experimental Procedures avail-
able online.
We report results from 26 adult subjects and 26 4- to
5-month-old infants. Most of the 26 adult subjects tested
gave positive global (F1) responses to both form and motion
stimuli (form, 92% of subjects; motion, 88%). Likewise,
a majority (92%) of the 26 infants gave a positive global motion
response, but only 50% showed a positive form response
(difference significant at p = 0.001, McNemar test). This
suggests a relative immaturity of global form sensitivity at
5 months, which is further supported by a comparison of
average F1 amplitudes (Figure 2); in infants the motion
response had a consistently greater amplitude than the form
response (mean difference 0.378 mV, t = 6.89, p < 0.001),
whereas in adults the two responses were approximately
equal (mean difference 20.045 mV, t = 21.99, p = 0.057).
Response Topography
Figure 3 shows the scalp distribution of statistically significant
responses for global form and motion. Adults and infants
both showed posterior response foci to form and motion,
consistent with activation of visual cortical areas, and in both
groups, the form and motion responses had distinct topogra-
phies. In adults (Figure 3, top), the global motion response
occurred close to the midline, whereas the global form
response was more lateral. There was individual variation
in the lateralization of the form response; although for most
adult subjects the response was stronger on the left, as re-
flected in Figure 3, some showed stronger responses on the
right (Supplemental Experimental Procedures; Figure S1).
Infants showed the opposite pattern: a midline form
response and a more laterally located motion response
(Figure 3, bottom), again with individual left-right variation
(Figure S1) but most commonly strongest on the right.
The group data in Figure 3 indicate that the topography of
global responses—and thus presumably their neural origin—
differs between modalities (form or motion) and also between
age groups for the same modality. Statistical analysis con-
firmed that these within- and between-group differences are
indeed significant. This analysis was confined to those
subjects who showed significant F1 responses to both form
and motion (22 adults and 12 infants). We compared form
and motion response profiles over five regions across the
back half of the head (see inset to Figure 4; see also Supple-
mental Experimental Procedures for details), normalizing
each individual’s data separately for form and motion to
remove any effect of overall differences in amplitude. Mean
Figure 1. Form Stimulus
Illustration of the form stimulus, which alternates between 100% coherence,
in which the short arcs are all aligned in a global concentric pattern, and 0%
coherence, in which the arcs are randomly oriented. Each phase lasts for
250 ms. Although this figure shows the form stimulus, it can also be viewed
as an illustration of the motion stimulus, with the static arcs representing the
trajectories traced out by the dots over time. Figure 2. Individual Adults’ and Infants’ Motion F1 Amplitudes Plotted
Against Form F1 Amplitudes
For each subject, the amplitudes are averaged over the whole electrode
array.
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If form and motion responses had the same topography, these
profiles should have been on average flat with a value of zero.
In fact, the adult profile peaked at the midline (position 3), indi-
cating relatively greater motion responses there and relatively
greater form responses at more lateral positions (Figure 3).
A multivariate analysis of variance (MANOVA) confirmed
that this variation with position was significant (Hotelling’s
T2 = 116.8, F (4, 16) = 24.60, p < 0.001).
The infants’ difference profile was approximately the inverse
of the adults’, indicating that form responses are relatively
greater at the midline, whereas motion responses are more
lateral. Again, this spatial variation is significant (Hotelling’s
T2 = 24.8, F (4, 9) = 4.66, p = 0.026). Finally, a MANOVA
combining the infant and adult data found a main effect of
age group (Hotelling’s T2 = 43.3, F (5, 27) = 7.55, p < 0.001), indi-
cating that the infant and adult difference profiles do indeed
differ significantly.
Discussion
Extrastriate visual areas, such as V4, V5, and V3/V3A, have
larger receptive fields than primary visual cortex (V1), and
primate studies show sensitivity to features of global stimulus
organization [9–11]. Our results therefore provide novel infor-
mation on how the organization of this extrastriate global
processing develops in the human brain.
In summary, our results indicate:
(1) In adults, transitions in global coherence of both form
and motion yielded reliable VERPs of comparable
amplitude from topographically distinct sources. The
motion coherence signal was concentrated close to
the posterior midline, whereas form coherence had
a more lateral posterior focus on one or both sides.
(2) Five-month-old infants as a group showed significant
responses to both form and motion coherence.
However, motion coherence yielded stronger signals,statistically significant for almost all individual infants.
Infants’ form coherence signals were less consistently
significant and, unlike adults’, lower in amplitude
compared to motion coherence.
(3) Form and motion signals had distinct scalp topogra-
phies in infants, but these spatial patterns were quite
different from those seen in the adult participants,
with the form coherence signals arising closer to the
midline and the motion coherence signals arising
more laterally.
We conclude that by the age of 5 months, extrastriate
systems can integrate local visual information to detect global
organization and generate characteristic VERP signatures in
both the form and motion domains. In terms of strength and
reliability, the responses to motion were closer to their adult
levels. This result is consistent with findings from our earlier
recordings that used midline electrodes only [8]. This differen-
tial development makes an interesting contrast with the
elementary local processing of orientation and motion infor-
mation. Between 2 and 4 months, VERP responses to local
orientation changes develop earlier than those for changes in
motion direction [3, 12]. This comparison suggests that when
local motion sensitivity develops in visual cortex, it is very
rapidly followed by the integration of these responses by
global processes, as suggested by [13]. In contrast, the devel-
opmental time course for global integration of static contour
information appears to be more prolonged in infants.
Several other studies report VERP evidence for global form
[14, 15] or motion [16, 17] processing at 5 months. These
studies did not directly compare form and motion or explore
response topographies in detail, but one [17] reported motion
coherence responses at two locations, on the midline and on
the right side (close to the peak motion response for infants
in Figure 3). The relative response strength at these two
Figure 3. Event-Related Potential Scalp Topography
Group analysis of adult (top) and infant (bottom) global form (left) and
motion (right) responses. These maps of the scalp distribution of T2circ
(see Supplemental Experimental Procedures for details) are interpolated
on a fine Cartesian grid and mapped onto different colors according to
the scales beside each plot. The plotted values are thresholded at p = 0.05,
i.e., set to zero (and thus plotted in green) for p > 0.05, and corrected for
false discovery rate. This figure shows a view of the group statistics over
posterior electrode positions as viewed from behind the head; the dots
represent individual electrode positions. A 2D representation of the same
data but showing the entire electrode array is included in Figure S2.
Figure 4. Mean Adult and Infant Motion and Form Difference Profiles
The error bars show the standard errors of the means. The inset illustrates
the five regions on the scalp within which responses were averaged to
create the profiles; see Supplemental Experimental Procedures for details.
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413locations depended on speed [17], as do other findings on the
development of motion sensitivity [2, 16]. It is possible, there-
fore, that the developmental transition from infant to adult
response topographies will also prove to be speed dependent.
Infants’ responses to global motion coherence are compat-
ible with a number of behavioral studies demonstrating sensi-
tivity to optic flow patterns [18, 19] and improving
motion coherence thresholds [20, 21]. More broadly, the idea
that integrative processes in motion perception mature
rapidly from an age of 2–3 months onward is supported by
evidence about infants’ sensitivity to structure-from-motion,
biological motion, motion-based segmentation, and other
perceptual tasks that demand integration of local motions
(reviewed in [13]).
The different scalp distributions for global form and global
motion support the idea that, in both adults and infants, these
two forms of global processing are mediated by anatomically
distinct mechanisms. The ERP signals we measured did not
arise from some common response to coherent visual organi-
zation, irrespective of the local cues from which it was derived.
This is consistent with the anatomical separation of cortical
areas responding to motion and form coherence, revealed by
functional magnetic resonance imaging [22].
Reorganization of the Motion System during Development
However, the cortical mechanisms underlying global process-
ing in the infant brain do not appear to be the same as those in
adults. In particular, the scalp distribution of global motion
signals in adults suggests that the underlying generators are
close to the midline, whereas those in infants are more laterally
placed. It is often presumed that V5/MT (middle temporal
area), which lies 50 mm lateral to the midline, is the keystructure in mediating sensitivity to global motion [9, 11, 23].
However, in addition to V5, a number of extrastriate areas
close to the midline and in relatively superior locations show
strong responses to motion coherence in the human brain,
notably V3/V3A, V6, and areas in the intraparietal sulcus [22,
24–26]. These areas appear to be more significant in motion
processing in the human brain than in the macaque cortex
[27]. Although source analysis linked to structural magnetic
resonance brain images would be needed to provide conclu-
sive results, these locations appear to be more compatible
with our adult motion coherence results than does V5. A pub-
lished magnetoencaphalography study of responses to
motion coherence onset with a similar stimulus paradigm to
our own [28] did not differentiate between V5 and V3/V3A as
possible sources.
In contrast, the infant motion responses are more lateralized
and appear to be compatible with those found in infants’ ERPs
to local motion onset [29], which have been suggested to orig-
inate in V5/MT. The convolution pattern of the infant brain is
sufficiently well established [30, 31] to make it implausible
that the changes between 5-month-old infants and adults
should arise from the same part of cortical tissue shifting its
location during brain growth. The fact that the source distribu-
tion for global form processing shifts in the opposite direction
also argues against this hypothesis, because brain growth
might be expected to preserve the gross ordering of source
positions. Instead, our results imply that the cortical areas
generating form and motion VERPs change with development
(see Supplemental Experimental Procedures for more detailed
discussion).
We suggest, therefore, that the multiple brain areas re-
sponding to coherent global motion act together as an inter-
connected network. This may be a hierarchical processing
system and/or the different areas may carry out distinct
perceptual functions that require different integrative opera-
tions. The components of this network do not show a
uniform pattern of development; rather, there are functional
shifts within the network between infancy and adulthood.
Tentatively, we suggest that V5 is one of the early maturing
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measured at the scalp in 5-month-old infants. Functional
shifts may represent changes in top-down (attentional)
input to different areas as well as differential processing of
the input.
One feature of this network is that V5 motion responses can
arise from routes that bypass V1 [33, 34], either via the pulvinar
[35] or directly from the lateral geniculate nucleus [36]. It is
possible that these routes may contribute differentially to
global motion responses in the infant and the adult brain.
Similarly, global form structure activates an extended
network of cortical areas [22, 37], and we hypothesize that
the relative contribution of these areas is subject to a compa-
rable reorganization during development. Indeed, such reor-
ganizations seem to be a widespread feature of the develop-
ment of cortical function. Studies of the effect of early brain
damage on language development indicate that the devel-
oping system is not simply an immature version of the adult
system [38]; perhaps more analogous to the present
study, there is ERP evidence for functional reorganization of
language processing [39] and visual attention [40] during
typical development.Differential Vulnerability
Areas V4 (sensitive to global form [10]) and V5 (sensitive to
global motion [9, 11, 23]) are key structures in routing informa-
tion to the ventral and dorsal cortical streams, respectively
[41–43]. Form and motion coherence sensitivity measures
have therefore been taken as indicating performance of these
two streams [44, 45]. It has been found that in many develop-
mental disorders, the motion coherence sensitivity is more
affected than form coherence sensitivity, leading to the
concept of ‘‘dorsal stream vulnerability’’ (reviewed in [13]). It
should be noted that, although we find here that development
of global motion processing precedes form in infancy, motion
has a relatively slower and more variable time course in the
subsequent refinement of these processes during childhood
[13, 45]. Further information on the early development of global
form and motion sensitivity, and on their reorganization during
childhood, may be important for understanding the roots of
this differential vulnerability.
Future studies of this area will require the developmental
trajectory to be filled out between 5 months and adulthood
to examine the timescale of the reorganization and to find
whether it coincides with any functional or structural markers
of brain development. It will also be important to localize the
sources with more confidence, although source modeling
in young infants remains problematic, given the ethical and
technical demands of brain imaging at this age and uncer-
tainties about the applicability of standard head models to
the infant [46].Supplemental Information
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